Abstract
we have studied how copy number variants (CNVs) differentially affect exonic and intronic 23 sequences of protein-coding genes. Using five different CNV maps, we found that CNV gains and 24 losses are consistently underrepresented in coding regions. However, we found purely intronic 25 losses in protein-coding genes more frequently than expected by chance, even in essential genes.
26
Following a phylogenetic approach, we dissected how CNV losses differentially affect genes 27 depending on their evolutionary age. Evolutionarily young genes frequently overlap with deletions 28 that partially or entirely eliminate their coding sequence, while in evolutionary ancient genes the 29 losses of intronic DNA are the most frequent CNV type. A detailed characterisation of these events 30 showed that the loss of intronic sequence can be associated with significant differences in gene 31 length and expression levels in the population. In summary, we show that genomic variation is 32 shaping gene evolution in different ways depending on the age and function of genes. CNVs 33 affecting introns can exert an important role in maintaining the variability of gene expression in 34 human populations, a variability that could be related with human adaptation.
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Introduction

52
Most eukaryotic protein coding genes contain introns that are removed from the messenger RNA 53 during the process of splicing. Although the potential functions of introns remain elusive, a number 54 of cases support the idea that the potential energetic disadvantage that they represent for the cell 55 might be compensated by a number of acquired functionalities [1] [2] [3] . For example, introns make 56 possible the expression of multiple transcription products from a single gene by alternative splicing 57 and facilitate the formation of new genes by exon shuffling [3, 4] .
58
Human introns are longer than those of other vertebrates and invertebrates [5, 6] and their lengths 59 are very variable, contrarily to exon lengths. This variability in intron length leads to substantial 60 differences in size among human genes, which cause differences in the time taken to transcribe a 61 gene from seconds to over 24 hours [7] . Introns can influence several steps of gene transcription 62 [8, 9] and it has been seen that a considerable amount of intronic sequence is important in regulating 63 gene expression [10] .
64
Introns contribute to the control of gene expression by their inclusion of regulatory regions and 65 non-coding functional RNA genes or directly by their length [3, 11, 12] . Indeed, intron size is highly 66 conserved in genes associated with developmental patterning [13] , suggesting that genes that 67 require a precise time coordination of their transcription are reliant on a consistent transcript length.
68
Highly expressed genes are enriched in housekeeping essential functions [14] and tend to have 69 shorter introns [15] . It has been suggested that selection could be acting to reduce the costs of 70 transcription by keeping short introns in highly expressed genes [15] . Genes transcribed early in 71 development [16] [17] [18] and genes involved in rapid biological responses [19] also conserve intron-
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/171165 doi: bioRxiv preprint first posted online Aug. 1, 2017; 5 poor structures. Shorter introns would allow these genes to be transcribed faster and thus they may 73 be particularly sensitive to changes in the time to be transcribed. Interestingly, Keane and Seoighe 74 [20] recently found that intron lengths of coexpressed genes or genes participating in the same 75 protein complexes tend to coevolve (their intron sizes show a significant correlation across species) 76 possibly because a precise temporal regulation of the expression of these genes is required.
77
Despite their potential importance in regulating transcription levels, transcription timing and 78 splicing, little attention has been payed to the potential role of introns in human population 79 variability studies. Given that direct associations between intronic mutations and certain diseases exclusively gains (55% of the cases) or gain/loss CNVs (25% of the cases) (Fig 1B-F) . There is a 127 significant enrichment of purely intronic losses (P < 0.001; permutation testing) in 4 out of 5 maps, 128 with 6 to 15% more deletions falling in introns than expected by chance, depending on the CNV For the above reasons, we focused our analyses of intronic deletions on the three maps with more observed that the proportion of intronic deletions is higher than expected by chance in both 150 essential and non-essential genes (S2 Table) . The fact that these intronic deletions can appear in 151 essential genes suggests that they might be an unexpected source of genetic variation that could 152 potentially influence the regulation of functionally relevant genes in human populations. pattern was also observed when CNV gains were excluded (Fig 2A) . The generation of random 162 background models revealed that ancient genes were significantly depleted of coding region losses
163
(both exonic and whole gene) (P < 0.05), while these were enriched in young genes (P < 0.05) ( Fig   164   2A ).
165
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Intronic deletions result in population variation of gene lengths
177
The percentage of each intron that can be lost due to CNV losses is highly variable, from 0.03% to 178 96.8%, representing a loss of the 0.01% to 77.5% of the total genic size. (Fig 3A-C (Fig 3D) . 183 Remarkably, these genes are highly conserved at the protein level and are amongst the 20% of with copy number = 1) and at least 2 wild-type individuals (copy number = 2) and we compared the 226 expression levels among these two groups (Fig 4A and S10 Fig) . The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/171165 doi: bioRxiv preprint first posted online Aug. 1, 2017;
13
We first studied the effect of intronic deletions on gene expression and we observed significant 228 differences in gene expression in 52 out of the 1,474 genes with intronic deletions (3.5%) in 229 lymphoblastoid cell lines. This percentage is higher than expected by chance (P = 1e-4) (Fig 4) , 230 being the expected values the total of differentially expressed genes (DEGs) when randomizing the 231 individuals carrying the mutation. Of the DEGs, 62% were downregulated and the other 38% The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/171165 doi: bioRxiv preprint first posted online Aug. 1, 2017; published data for B-lymphocytes [46] to link deletions in intergenic regions with interacting genes.
249
Significant changes in gene expression were seen in 11 out of 872 (1.26%) genes identified to have 250 a deletion in an intergenic contacting region. Contrary to the effect of intronic deletions within the 251 same gene, this percentage of DEGs was not different to that expected by chance (P = 0.08).
252
Therefore, our data suggests that variation within intronic regions may have a more significant 253 impact on gene regulation than intergenic regions.
254
The effect on gene expression appears to be greater when coding regions were affected, compared exonic deletions that were differentially expressed (12.6%, 28 down-and 2 up-regulated (P < 1e-4).
258
However, given the higher frequency of intronic deletions in the population, the absolute number of 259 DEGs with intronic deletions (52 genes) was similar to the total of DEGs with coding deletions (45 260 genes, Fig 4B and S4 Table) . Moreover, while coding losses mostly associate to gene down- 6%, Fig 2) . In summary, these data suggest that intronic variants could have an 265 important regulatory impact on ancient genes. The different CNV maps used were built using different datasets and CNV calling algorithms, in these regions can lead to the birth of new genes or to their disappearance (Fig 5) . 291 Here, we have observed that also gains and losses affecting only part of the coding sequence are 292 also enriched in young genes (Fig 5) . Such CNVs can disrupt the protein sequence, but they can 293 also eliminate, duplicate or relocate exons or parts of exons, giving to the organism a mechanism to 294 modify young genes.
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On the other hand, evolutionarily ancient genes, generally depleted of CNVs overlapping with their 296 coding regions, are especially enriched with intronic losses (Fig 5) . This phenomenon shows that 297 although the protein sequence is usually unaffected, changes in the intronic sequence can modulate 298 the expression of the gene and promote variability in the population. We found in lymphoblastoid 299 cells more differentially expressed genes associated with intronic losses than expected by chance.
300
This association is expected to be even stronger as for many genes the effect of their intronic losses 301 will be only observed in other cell types or tissues.
302
Very interestingly, we observed differences in which genes show changes in gene expression when 303 affected by coding (exonic or whole gene) or purely intronic losses. We see that differences in 304 expression in younger genes are mainly associated to full gene dosage changes or partial disruption 305 of their coding sequence. In contrast, ancient genes that generally are less tolerant to any kind of 306 mutations in their coding sequence, are enriched in intronic deletions which that could be 307 modulating their expression (Fig 5) . The availability of CNV and population-based gene expression 308 .
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310
CNVs can be directly disrupting a regulatory feature or affect the distance, for example, between 311 promoter and enhancer. We found that the presence of enhancers is significantly enriched in 312 introns, agreeing with previous findings in plants [11, 44] types. Therefore, the loss of intronic sequence might be affecting the expression of such genes in a 317 tissue-specific manner.
318
Our results also suggest that non-coding intronic deletions might have a wider impact on population 
346
Being intronic deletions so common in the healthy population, it will also be interesting to explore 
361
In summary, our data shows that intronic CNVs constitute the most abundant form of CNV in Zarrei's maps we used the stringent map that considered CNVs that appeared in at least 2 377 individuals and in 2 studies. The complete list of CNVs analysed is available in S5 Table. 378
Gene structures
379
Autosomal gene structures and sequences were retrieved from Ensembl Table. Genomic sequences were obtained from the primary 386 GRCh37/hg19 assembly, and were used for calculating the GC content of introns and intronic
387
CNVs.
388
Dating gene and intron ages
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An age was assigned to all duplicated genes as described in Juan et al. 2013. In the case of 390 singletons gene ages were assigned from the last common ancestor to all the genes in their family 391 according to the gene trees retrieved from ENSEMBL. Singleton's ages can be noisy for genes 392 suffering important alterations as gene fusion/fission events or divergence shifts. As a consequence, 393 these ages should not be interpreted as the age of the oldest region of the gene, but as a restrictive 394 definition of gene age considering a similar gene structure and gene product.
395
The ages (from ancient to recent) and number of genes per age are as follows: FungiMetazoa: 1119, 
402
Intronic regions were assigned the evolutionary age of the gene they belonged to. In the cases when 403 an intron could be assigned to more than one gene, the most recent age was assigned to them. 
In addition, we generated background models correcting by DNA replication timing. For this, we 
414
We compared the location of the CNVs in our datasets and compared with their distribution in the 415 random models in order to calculate enrichments or depletions depending on the intron size and 416 gene age and essentiality.
417
Regulatory features
418
We downloaded a genome-wide set of regions that are likely to be involved in gene regulation from In order to check for the significance of the overlaps between intronic deletions and regulatory 424 features we relocated 10,000 all intronic deletions within their introns and checked for differences 425 in overlap with regulatory features.
426
Gene expression analysis 427 We used available RNA-seq data at Geuvadis [43] that was derived from lymphoblastoid cell lines 428 for 445 individuals who were sequenced by the 1000 Genomes Project and for whom we have the 
